Introduction {#S1}
============

Acute promyelocytic leukemia (APL), characterized by the specific PML-RARα fusion gene resulting from translocation t(15;17)(q22;q12) and unique sensitivity to the differentiating effect of all-*trans* retinoic acid (ATRA), features three types of heterogeneity: clinical \[white blood cell (WBC) counts, age, and treatment outcome\], morphological (hypergranular M3 and micro/ hypogranular M3v), and molecular (three iso-forms of PML breakpoint).^[@R1],[@R2]^ APL has also been the subject of immunophenotypic studies, which have yielded results that included positive staining for CD33, CD13, and CD19 antigens, an absence of HLA-DR expression, and low-frequency occurrence of CD7, CD11b, and CD14 expression. Aberrant surface antigens, including CD2 and CD34, have also been identified.^[@R3],[@R4]^ Although the clinical relevance of these surface antigens is not yet well understood, several research groups have demonstrated that the expression of CD2 is associated with micro/hypogranular M3v morphology and the bcr3 PML-RARα isoform, and that of CD34 with an immature form of APL.^[@R3],[@R5]--[@R7]^ In addition, the presence of the neural cell adhesion molecule CD56 has been shown to be predictive of poor outcome in patients treated with ATRA in combination with chemotherapy.^[@R8]^ We also reported several cases that showed expression of HLA-DR or terminal deoxynunships between morphology, the cleotidyl transferase (TdT), which is usually negative in APL cases.^[@R9]^ The *fms-like* tyrosine kinase 3 (FLT3) gene, a newly discovered member of the Class III receptor tyrosine kinase (RTK) subfamily, was originally identified by its expression in hematopoietic stem/progenitor cells, and its importance in hematopoiesis has now been well established.^[@R10]^ FLT3 is aberrantly expressed in the majority of acute myeloblastic leukemias (AML).^[@R11]^ The most common molecular defect identified to date in AML is internal tandem duplication (ITD) in the juxtamembrane domain (JM) of the *FLT3* gene (FLT3/ITD). Activating point mutations within the activation loop (ALM) of the tyrosine kinase domain 2 (TKD2) of FLT3, which are mainly located in D835, I836, Y842, or D853, have also been reported for AML. FLT3/ITD or FLT3/D835 point mutations, which lead to constitutive activation of FLT3 tyrosine kinase, have been detected in 20--25% of AMLs, and notably in approximately 35% of APL.^[@R12]--[@R14]^ Large-scale studies have identified the presence of ITD as an adverse prognostic factor for pediatric and adult AML patients.^[@R12],[@R13],[@R15],[@R16]^ More recently, some groups reported that FLT3/ITD is related to a high white blood count, M3v morphology, and the bcr3 PML-RARα isoform, and that it clinically tends to indicate inferior overall survival for APL patients.^[@R17]--[@R19]^ These findings raise the possibility that APL with *FLT3* gene mutations may constitute a distinct subset of APL.

In this study, we investigated the possible relationship between *FLT3* gene status, including *FLT3* mutations and *FLT3* mRNA levels, and morphological, immunophenotypic, and molecular characteristics of 25 APL patients positive for PML-RARα mRNA. We were able to show that there was a significant relationship between the presence of FLT3/ITD and an immature immunophenotype characterized by the expression of an aberrant surface-antigen, CD2.

Materials and Methods {#S2}
=====================

Patients
--------

Bone marrow or peripheral blood samples were obtained between 1989 and 2009 from 25 patients with newly diagnosed APL. All cases were confirmed to harbor t(15;17) by means of karyotyping or FISH and the PML-RARα fusion transcript by RT-PCR.^[@R20]^ Diagnostic slides were morphologically classified into hypergranular (M3) and micro/hypogranular variant (M3v) forms on the basis of standard FAB criteria.^[@R21]^ All samples showing high levels of blast cells and high-quality RNA were selected for gene expression analysis.

Immunophenotypic analysis
-------------------------

Immunophenotypic analysis was performed with FACSCalibur (Becton Dickinson, San José, CA, USA), using commercially available reagents. The panel of phycoerythrin (PE)- or fluorescein isothiocyanate (FITC)-conjugated monoclonal antibodies against: i) myeloid lineage-associated antigens, CD11b, CD13, CD14, CD15 and CD33; ii lymphoid lineage-associated antigens CD2, CD3, CD7, CD10, CD19, CD22 and CD79; and iii) lineage non-specific antigens HLA-DR, CD34, CD45 and CD56, were used to analyze the leukemic cells of patients. Expression in more than 20% of leukemic cells was set as the positivity cut-off level for a given antigen, with the exception of CD34 for which this was set at 10%.^[@R3]^

Reverse transcription-polymerase chain reaction for the PML-RARα fusion transcript and terminal deoxynucleotidyl transferase mRNA
---------------------------------------------------------------------------------------------------------------------------------

Total RNA was isolated with the RNeasy Mini kit (Qiagen GmbH, Hilden, Germany) and cDNA was constructed from 1 µg of total RNA with the First Strand cDNA Synthesis kit for RT-PCR (AMV) (Roche Diagnostics, Tokyo, Japan) according to the manufacturers\' instructions. For the PML-RARα fusion transcript, cDNA was amplified with two-step nest-ed PCR in 2 mM MgCl~2~, 200 mM dNTP, GeneAmp 10× PCR Gold Buffer containing 15 mM Tris-HCL (pH 8.0) and 50 mM KCl, and 1.25 U AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA), using 0.2 µM each of primer P1, 5′-ATGCTGTGCTGCAGCGCAT-3′ and R7, 5′-CCATAGTGGTAGCCTGAGGAC-3′. After 10 min of incubation at 95°C, PCR was performed at 35 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. From 50 µL of the product obtained with the first step, 5 µL was amplified with the nested primers P2, 5′-CAGAGGATGAAGTGCTACG-3′ and R9, 5′-GTC-CTGACAGACAAAGCAAG-3′ under the same conditions as for the first step PCR. All 25 APL patients were analyzed for classification of the specific PML-RARα isoforms bcr1 (long), bcr2 (variable), and bcr3 (short). The PML-RARα transcript for each patient was also measured by the real-time quantitative PCR (RQ-PCR) method that we recently established.^[@R22]^ PCR for TdT detection was performed as previously described.^[@R23]^

Detection of the *FLT3* mutations
---------------------------------

cDNA was examined for the detection of FLT3/ITD. Exons 14 and 15 covering the JM domain were amplified, using the specific primers R5 and 12R as described by Kiyoi *et al.*^[@R24]^ FLT3/ITD was detected as an additional longer PCR product by 3% agarose gel electrophoresis, and purified PCR products were sequenced with the ABI 3130xl DNA sequencer (Applied Biosystems) after being ligated to a TA cloning vector (Invitrogen, Carlsbad, CA, USA). To detect D835 and I836 mutations, exon 20, which corresponds to TKD2, was amplified with the primers 17F and 17R as described by Yamamoto *et al.*^[@R25]^ D835 and I836 amino acids were encoded using GATATC, which is the recognition site for *Eco*RV. After PCR, amplified products were digested with *Eco*RV (Takara, Kyoto, Japan) at 37°C for 3 h and subjected to electrophoresis on a 4% agarose gel. Digested products were then separated into two bands, and products that were undigested, thus indicating the presence of D835 or I836 mutations, were detected as a single band, which was confirmed by sequencing as described above.

Quantification of the *FLT3* transcript by real-time polymerase chain reaction
------------------------------------------------------------------------------

cDNA was synthesized from each RNA sample as described above. Real-time PCR using the ABI Prism 7700 sequence detection system (Applied Biosystems) was performed to quantify the FLT3 transcript in 25 samples. Sequences of sense and antisense primers and the TaqMan® probe, as well as PCR conditions, were described by Ozeki *et al.*^[@R26]^ For the housekeeping gene, GAPDH, human GAPDH (x20) (Applied Biosystems) was used. A standard curve was produced for FLT3 and GAPDH by means of a 10-fold dilution of six different plasmid concentrations. The gene expression level of the FLT3 transcript in each of the samples was normalized relative to the level of the GAPDH transcript.

Statistical analysis
--------------------

Student\'s unpaired t-test was used for statistical comparisons between groups. Welch\'s unpaired t-test was also used to verify evaluations of the significance of differences between 2 groups with different variances. All P values were two-tailed; P\<0.05 was considered significant.

Results {#S3}
=======

Relationships between morphology, the *PML-RARα* isoform, and aberrant surface antigens
---------------------------------------------------------------------------------------

Morphology, the PML-RARα isoform, and results for aberrant surface antigens of the 25 APL patients are shown in [Table 1](#T1){ref-type="table"}. The short/bcr3 isoform was detected more frequently in M3v cases (5 of 5) than in hyper-granular M3 cases (5 of 20) (P=0.009). All 25 cases were positive for CD13 and CD33 (*data not shown*) and 2 of 25 cases (8%) were positive for HLA-DR. T-cell associated antigen CD2, the hematopoietic stem cell antigen CD34, as well as their combined expression, occurred significantly more frequently in the short/bcr3 (P=0.008, 0.026 and 0.004, respectively) than that in the long/bcr1 isoform, and in M3v (P=0.002, 0.010 and \<0.001, respectively) than in hypergranular M3. The frequency of CD2, CD34, and their co-expression was also significantly higher in TdT mRNA^+^ cases than that in TdT mRNA^−^ cases (P=0.046, \<0.001 and 0.004, respectively).

Table 1Clinical characteristics of 25 acute myeloid leukemia patients with PML/RARα mRNA.CaseAge/sexMorphologyPML/RARα isoformSurface markersTdTmRNACD2CD34CD56HLA-DR150MM3Long/bcr1\-\-\-\--241FM3Short/bcr3++\-\--36FM3Short/bcr3\-\-\-\--451FM3Long/bcr1\-\-\-\--560FM3Long/bcr1\-\-\-\--644MM3Variable/bcr2+\-\-\--716MM3Short/bcr3+\--+-829FM3vShort/bcr3+++-+944FM3Variable/bcr2\-\-\-\--1064FM3Long/bcr1\-\-\-\--1172MM3vShort/bcr3+\-\-\--1264FM3Long/bcr1+\-\--+1352FM3vShort/bcr3++\--+1465MM3Short/bcr3-+\--+1514MM3vShort/bcr3++\--+1624MM3Long/bcr1\-\-\-\--1710FM3Long/bcr1\-\-\-\--1826MM3vShort/bcr3++\--+1970MM3Long/bcr1+-+\--2061FM3Long/bcr1\-\-\-\--2145MM3Short/bcr3\-\-\-\--2220FM3Long/bcr1-+++-2354MM3Long/bcr1\--+\--2461FM3Long/bcr1-+\--+2513MM3Long/bcr1\-\-\-\--[^2]

Detection of *FLT3* mutations
-----------------------------

Alterations in the *FLT3* gene were detected by direct sequencing of PCR products for the PML-RARα transcript. Results for all 25 patients with PML-RARα mRNA are listed in [Table 2](#T2){ref-type="table"}. FLT3/ITD and FLT3/D835 (I836) were found in 9 patients each (36%). The size of duplicated FLT3/ITD fragments varied from 21bp to 57bp, and the reading frame was always maintained. One case (n. 15) harbored tandem duplications plus insertion sequences between duplications. Sequencing analysis also showed that there were 8 cases with D835 mutations, but all were missense, resulting in the substitution of Asp for Tyr (D835Y), His (D835H), Glu (D835E), or Val (D835V). One case (n. 9) possessed a three-base pair (GAT) deletion together with a missense mutation at codon 836, resulting in the substitution of Ile for Phe. Two cases (ns. 8 and 13) showed both FLT3/ITD and FLT3/D835.

Table 2FLT3 mutation status of 25 acute myeloid leukemia patients with PML/RARα MRNA.CaseFLT3/ITDD835MtFLT3mRNALocation (nt range)[\*](#TF2-1){ref-type="table-fn"}Length (bp)Substitution(/GAPDH)10.04821829--1885570.06830.0664Tyr0.17950.16561832--1864330.85371805--1852480.10181805--185248His0.3149Ile836Phe[°](#TF2-2){ref-type="table-fn"}0.028100.061111832--1864330.782120.073131841--186121Tyr0.27414Glu0.270151800--185556+10.43816Tyr0.031170.155181829--1885570.291191841--1861210.49620Val0.01821His0.584220.076230.279240.00525His0.128[^3][^4]

Association between *FLT3* mutation status and the PML-RARα isoform or surface markers
--------------------------------------------------------------------------------------

As shown in [Table 3](#T3){ref-type="table"}, the presence of ITD correlated significantly with M3v morphology (P\<0.001) and the short/bcr3 PML breakpoint (P=0.008), but no correlation was observed with the presence of D835/I836 mutations. Expression of CD2 was found in all FLT3/ITD^+^ cases (9 of 9). The frequency of FLT3/ITD^+^ occurrence was significantly higher in CD2^+^ cases than in CD2^−^ cases (P\<0.001), with only one case among the former (n. 12) not harboring FLT3/ITD (1 of 10, 10%). Furthermore, all CD2^+^CD34^+^ cases possessed FLT3/ITD (5 of 5, P\<0.001). In contrast, there were no correlations between the presence of D835/I836 mutations and that of aberrant surface-antigens, such as CD2, CD34 and CD56. The absence of aberrant surface-antigens was confirmed in 6 of the 9 cases with D835/I836^+^ (66.7%), and 2 of the 3 cases expressing aberrant surface-antigens showed both FLT3/ITD and D835 mutations (case ns. 8 and 13). Expression of CD56 or TdT mRNA was not associated with either FLT3/ITD (P=0.525, 0.170, respectively) or D835/I836 (P=0.617, 0.656, respectively) mutations.

Table 3Relationship between FLT3 mutation status and disease characteristics.Total (%)ITDD835Mt+ (%)− (%)P+ (%)− (%)PPatients259 (36.0)16 (64.0)9 (36.0)16 (64.0)FAB subtype\<0.0010.835M320 (80.0)4 (44.4)16 (100.0)7 (77.8)13 (81.3)M3v5 (20.0)5 (55.6)0 (0)2 (22.2)3 (18.8)PML/RARα isoform0.0080.821Long/bcr113 (52.0)1 (11.1)12 (75.0)4 (44.4)9 (56.3)Short/bcr310 (40.0)7 (77.8)3 (18.8)4 (44.4)6 (37.5)Variable/bcr22 (8.0)1 (11.1)1 (6.3)1 (11.1)1 (6.3)Surface markers CD2+10 (40.0)9 (100.0)1 (6.3)\<0.0012 (22.2)8 (50.0)0.174 CD34 +8 (32.0)5 (55.6)3 (18.8)0.0583 (33.3)5 (31.3)0.915 CD56 +4 (16.0)2 (22.2)2 (12.5)0.5251 (11.1)3 (18.8)0.617 CD2+34+5 (20.0)5 (55.6)0 (0)\<0.0012 (22.2)3 (18.8)0.835 CD2+56 +2 (8.0)2 (22.2)0 (0)0.0491 (11.1)1 (6.3)0.667 CD34+56 +2 (8.0)1 (11.1)1 (6.3)0.6671 (11.1)1 (6.3)0.667 CD2+34+56+1 (4.0)1 (11.1)0 (0)0.1741 (11.1)0 (0)0.174 CD2or34or56+^a^14 (56.0)9 (100.0)5 (31.3)\<0.0013 (33.3)11 (68.8)0.087 TdT +7 (28)4 (44.4)3 (18.8)0.1703 (33.3)4 (25.0)0.656[^5][^6]

Expression levels of the *FLT3* transcript
------------------------------------------

We quantified the expression levels of the FLT3 transcript in all patients by means of real-time PCR ([Table 2](#T2){ref-type="table"}). The mean expression level was 0.231 (/GAPDH mRNA), ranging from 0.018 to 0.853. For controls based on normal hematopoietic cells, we also quantified expression levels of 19 normal PB MNCs, with a mean expression of 0.015 (/GAPDH mRNA), ranging from 0.010 to 0.032 (*data not shown*). [Table 4](#T4){ref-type="table"} shows that the expression levels of FLT3 mRNA were significantly higher in FLT3/ITD^+^ than in FLT3/ITD^−^ cases (median 0.402 *vs* 0.135, P=0.025), whereas there was no significant difference in those between D835/I836^+^ and D835/I836^−^ cases (median 0.203 *vs* 0.247, P=0.660). Overall, cases with FLT3 mutations, whether ITD or D835, showed significantly higher levels of FLT3 mRNA than those without mutations (median 0.303 *vs* 0.103, P=0.012). CD2^+^ cases had higher levels of FLT3 mRNA than those of CD2^−^ cases (median 0.369 *vs* 0.140, P=0.038), as did cases with the bcr3 PML breakpoint cases relative to bcr1 cases (median 0.319 *vs* 0.132, P=0.024).

Table 4Features related to FLT3mRNA in 25 AML patients with PML/RARα.FeatureNo. casesFLT3mRNA(/GAPDH)PMedianRangeFLT3 mutations +160.3030.018--0.8530.012 −90.1030.005--0.279FLT3/ITD +90.4020.068--0.8530.025 −160.1350.005--0.584FLT3/D835 +90.2030.018--0.5840.046 −160.2470.005--0.853FAB subtype M3200.1840.005--0.8530.042 M3v50.4200.274--0.782PML/RAR isoform Long/bcr1130.1320.005--0.4960.024 Short/bcr3100.3190.066--0.782Surface markers CD2^+^100.3690.068--0.8530.038 CD2^−^150.1400.005--0.584 CD34^+^80.2170.005--0.4380.540 CD34^−^170.2380.018--0.853 CD2^+^CD34^+^50.2770.068--0.4380.637 CD2^−^CD34^−^120.1450.018--0.584

Discussion {#S4}
==========

APL is characterized by the expression of cell surface antigens, such as CD13^+^, CD33^+^, HLA-DR^−^, CD14^−^, and CD3^−^.^[@R3],[@R4],[@R9]^ However, different studies have reported that the frequency of CD34^+^ in APL was found to range from 20--31%.^[@R3],[@R27]--[@R30]^ Our study detected a frequency of 32% (8 of 25), thus confirming previously reported values. The significance of CD34 expression is not yet known, but it is likely to indicate an immature form of APL.^[@R3],[@R31]^ In addition, T-cell associated antigen CD2 has been reported to possess features such as M3v morphology and the bcr3 isoform and to have a poorer prognosis than CD2^−^ APL cases.^[@R27],[@R28],[@R30],[@R32]^ In our study, CD2, CD34, and their combined expression were detected significantly more frequently in their bcr3 isoform than that in their bcr1 form (P=0.008, 0.026 and 0.004, respectively), and in M3v than in classical hypergranular M3 (P=0.002, 0.010 and \<0.001, respectively) (*data not shown*). These results are in agreement with those of other studies, which reported that CD2, CD34, and their combined expression were associated with the immature phenotypic characteristics of APL.^[@R31],[@R33]^ In this study, all FLT3/ITD^+^ cases showed CD2 (9 of 9) expression, and all but one of the CD2^+^ cases harbored FLT3/ITD (1 of 10, 10%), indicating that the presence of ITD showed a significant correlation with CD2 expression. Our study describes the relationship between the presence of FLT3/ITD and immunophenotypic expressions, including the expression of CD2 and CD34, while it has also been reported that the presence of ITD is associated with M3v morphology and the short/bcr3 PML breakpoint in a large series of APL patients.^[@R19],[@R34]^ We also found that all patients with co-expression of CD2 and CD34 harbored FLT3/ITD^+^ (5 of 5, P\<0.001). While several reports on FLT3 published so far have focused on WBC count, morphology, and cytogenesis in APL,^[@R18],[@R19],[@R24]^ we demonstrated that FLT3/ITD is closely associated with immature immunophenotypic expressions, such as those of CD2 and CD34. Considering that 10 (40%) of the 25 APL patients enrolled in our study expressed cell-surface antigen CD2, it is of interest that CD2 expression was closely associated with M3v morphology and the expression of the stem cell marker CD34, while few patients with classical M3 morphology expressed these surface markers. The mechanism leading to aberrant expression of lymphoid markers in AML remains unclear. According to the lineage infidelity model,^[@R35]^ this phenomenon is a result of the deregulation of lineage-affiliated genes occurring during the process of leukemic transformation. However, according to the lineage promiscuity model,^[@R36]^ co-expression of myeloid and lymphoid markers reflects the immunophenotype of the progenitor population subjected to leukemic transformation, such that CD2^+^CD34^+^ cases may develop from the most primitive precursors. Grignani *et al.* reported that one of the effects of deregulation on the PML-RARα fusion protein was the rapid differentiation induction of hematopoietic progenitor cells or hematopoietic stem cells to the promyelocytic stage, followed by maturation arrest.^[@R37]^ This raises the possibility that the presence of FLT3/ITD, which correlates strongly with the expression of CD2 and CD34, could contribute to blocking the differentiation of leukemic blasts at a more immature stage than the promyelocytic stage. We, therefore, suggest that FLT3/ITD is one of the additional molecular mutations that cause cells to remain as an immature phenotype in APL positive for PML-RARα mRNA.

Our quantitative data demonstrated that FLT3 mRNA levels were significantly higher in FLT3/ITD^+^ cases than those in FLT3/ITD^−^ cases, whereas there were no significant differences between those with or without FLT3/D835 (I836). Our findings for FLT3/D835 were inconsistent with the findings reported by Ozeki *et al.*^[@R26]^ in which FLT3 mRNA levels were significantly higher in AML cases with FLT3/D835 as well as with FLT3/ITD than in those without mutations. This discrepancy may be attributed to the higher percentage of D835 positive cases (36%) in our study. Furthermore, CD2^+^ cases also showed significantly higher FLT3 mRNA levels than those of CD2^−^ cases. Results of the immunophenotypic analysis of our quantitative data, which indicate that FLT3/ITD, not FLT3/D835, is closely associated with high expression levels of FLT3 mRNA, suggest that the presence of an ITD could represent a distinct molecular entity of the disease. Several studies have reported clinical outcomes specifically for patients with AML who harbor FLT3 mutations. Some studies found no significant differences in disease-free survival between patients with and without FLT3/ITD,^[@R24],[@R38],[@R39]^ whereas others reported a tendency toward shorter overall survival and significantly worse disease-free survival for patients with FLT3/ITD.^[@R19],[@R40]^ In contrast, most studies examining the presence of FLT3/TKD point mutations alone in the absence of an ITD have found no significant impact of its presence on clinical outcome for AML.^[@R14],[@R25],[@R34],[@R41]^ It is of further interest that these authors suggest that differences in clinical outcome between the two events, ITD and TKD point mutations, appear to have the same functional result, *i.e.* loss of autoinhibitory regulation leading to constitutive FLT3 kinase activation,^[@R42]^ and one reason for this may be that the signaling properties of activation loop (TKD) mutations differ from those of ITD-carrying receptors.^[@R41]^ Microarray analysis has also disclosed differences in expression profiles among patients with FLT3/ITD, D835/I836, and wild-type FLT3.^[@R43]^ Our data clarified differences between the two events by showing the expression of aberrant surface markers and expression levels of the FLT3 transcript. Two recent large-scale studies of APL found no evidence of any differences between APL and non-APL patients regarding the influence of FLT3/ITD status on clinical outcome, and confirmed that the presence of FLT3/ITD was related to very poor post-relapse survival.^[@R19],[@R43]^ This suggests that FLT3/ITD^+^ patients are characterized by an underlying genetic instability which leads to the acquisition of some additional, as yet unknown, gene mutation at relapse which carries with it a bad prognosis.^[@R19]^

Conclusions {#S5}
===========

In conclusion, we showed that the presence of FLT3/ITD, but not D835 (I836), is closely related to an immature immunophenotype in APL. This is the first reported study to demonstrate that an additional genetic event is closely associated with the cell surface antigen in APL. Our findings, obtained with molecular and immunophenotypic analysis, which appear to be the most valuable tools for identifying previously unrecognized variant morphologies, raise the possibility that the presence of FLT3/ITD and the expression of CD2 differentiate a subset of APL patients with different biological characteristics. Although we did not evaluate the clinical course or prognosis for APL patients in our study, our findings can be expected to contribute to the clarification of a role for FLT3/ITD in the pathogenesis of APL. Further large-scale studies of APL patients are needed to determine whether the presence of FLT3/ITD and the expression of CD2 constitute independent clinical factors.
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